Fast steering mirror (FSM) plays a crucial role in stabilization of the line-of-sight (LOS) and phase shift compensation. The control accuracy of the FSM is affected by various disturbances especially the vibration in the aviation environment. Traditional antidisturbance methods, such as disturbance observer (DOB), have a little effect of suppressing disturbance in FSM. But it also brings some problem, such as increasing mass and amplifying high frequency noise. To solve these problems, an anti-disturbance strategy based on adaptive robust control (ARC) was proposed. And it will not amplify the high-frequency noise which is inevitable in DOB. Experimental results show that, using adaptive robust controller, the steady-state error of the FSM decreased 4.8 times compared to simple PID control and 1.9 times compared to DOB+PID control in the simulated vibration environment.
Introduction
As a mirror device for controlling the direction of light beam between a target and a receiver, FSM has been widely used in optical systems such as telescopes, laser communications, image stabilization, and precise tracking and aiming [1] [2] [3] . In the aerial photoelectric stabilized platform, FSM is mainly used to stabilize the LOS and compensate the imaging phase shift [4] . However, FSM's control accuracy will be seriously affected by aircraft position fluctuations caused by the air current, engine vibration, and other disturbances. Therefore, effective disturbance rejection methods need to be proposed to enhance the robustness of FSM [2] .
As shown in Table 1 , there are three main types of antidisturbance strategies of FSM. The first method is to use piezoelectric ceramics as actuator to drive FSM [5] . Piezoelectric ceramics have strong robustness and high control bandwidth due to their special structure. However, the motion range of such FSM is relatively small as a result of the motion mechanism of the piezoelectric ceramic. This seriously limits the performance of FSM in terms of stabilization of LOS and phase compensation. The second method is to add reaction mass [6] . Eccentric torque caused by external disturbance can be reduced by this method. But it will increase the mass of FSM and then amplify the difficulty of driver. The third method is anti-disturbance algorithm [7, 8] . Compared with previous methods, this method is simpler and more effective for it won't change the structure or add extra mass. DOB [9] [10] [11] and various improved algorithms based on it are widely used in FSM. For example, the EDOB [7] proposed by Chao Deng. In addition, Jing Tian [8] proposed a method based on acceleration loop to improve the anti-disturbance ability of FSM. But these methods both require an acceleration loop which needs accelerometer. The introduction of accelerometers will increase the mass and cost of FSM. Furthermore, DOB will amplify high frequency noise, which strongly influences the performance of the control system.
To solve these problems, ARC is adopted in this paper to suppress disturbance of FSM. ARC, an anti-disturbance control algorithm combining SMC and AC, was proposed by Bin Yao [12] [13] [14] in 1996. It possesses both the adaptability of AC [15, 16] for model uncertainty and the ability of SMC 2 Mathematical Problems in Engineering [ [17] [18] [19] [20] for suppressing disturbance. In addition, acceleration loop is not necessary for ARC and it will not amplify the high frequency noise, compared with DOB.
The aim of this study is to design adaptive robust controller for FSM and analyze the comparative experimental results of ARC and DOB. In previous design, an accurate modeling method was proposed and used to model the FSM. This paper is organized as follows: Section 2 presents a detailed introduction of FSM modeling, mainly describing the method of model correcting. Section 3 discusses and analyzes the impact of disturbance and DOB. Section 4 introduces the design process of ARC. Section 5 sets up the experiments used to verify this method and analyzes the experimental result. Concluding remarks are presented in Section 6. Figure 1 , is the input voltage signal, is the output angle, is the armature inductance, is the armature resistance, is the armature current, is the electromagnetic torque constant, is the motor output torque, is the motor moment of inertia, is the motor side viscous damping coefficient,
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• is the angular velocity, and is the back-EMF coefficient. As the actuator of FSM, voice coil motor is the main target for modeling the FSM. Theoretical model of FSM is shown in (frequency sweeping curve). Therefore, the original model needs to be modified.
There are many ways to do this. In this study, step response matching method was applied to manually modify the original model. By comparing the simulative step curve with the actual step curve, the difference between the mathematical model and the actual model was detected, and then the model was gradually adjusted so that the model's simulative curve gradually approaches the actual step curve. It can be seen from Figure 2 that the curve (red line) after manual modified basically matches the frequency sweeping curve (blue line), which proves that the modeling method is of high accuracy. Equation (1) is the modified model. (1)
Model Correcting.
It can be seen from Figure 2 that there is a second-order resonant peak in the amplitude-frequency curve of FSM model. And it will result in system chattering when FSM is in closed-loop control. In order to obtain high control performance, it is necessary to suppress the secondorder resonance of the model. According to the character of second-order system, the differential feedback compensation shown in Figure 3 was proposed. The FSM model became equation (2), after compensation component was introduced.
Equation (2) shows that damping coefficient of this system can be adjusted by changing the value of . And the system resonance will be suppressed by increasing the damping coefficient. As shown in Figure 4 , system resonant peak is eliminated after the differential feedback compensation component was introduced.
Traditional Anti-Disturbance Methods
Disturbance Analysis.
FSM is affected by various external disturbances, including aircraft engine vibration, aircraft posture fluctuations caused by air turbulence, and model changes caused by overweight and weightlessness. The vibration, which has the most significant interference with the FSM, is the main research focus of anti-disturbance algorithm. is used to represent the total external disturbance in this paper. System control block diagram containing the disturbance is shown in Figure 5 .
(s) is the controller and (s) is the plant model. Suppose the ideal output without external disturbances is and the output of external disturbances is .
where The actual output of the system is .
From (5), it can be seen that the disturbance would affect the output through the model and cause the actual output to deviate from the ideal output. Although increasing the amplitude of the controller can minimize the influence of the disturbance, due to the limitation of the control system and the mechanical resonance, the amplitude of the controller cannot be increased indefinitely. So it is necessary to introduce another anti-disturbance control method into the system besides PID controller.
Disturbance
Observer. Disturbance observer designed according to the principle of intima is the most common anti-disturbance control algorithm. The basic principle of DOB is using the nominal model to estimate the difference between the actual output and the ideal output. Based on this, disturbance can be observed and compensated into the controller. The basic schematic is as in Figure 6 . noise. The relationship between input and output is given as equation (6), as shown in Figure 6 .
In the ideal case, the low-pass filter (s) has a gain of 1 at low frequency. Then 
Under such circumstance, disturbance has no effect on output and the system's external equivalent disturbance is completely suppressed, but the detection noise is passed through the filter to the output without restriction. At the same time, in order to suppress the high-frequency noise of the position sensor, it is necessary that (s) has a gain of 0 at high frequency. However, in practical engineering applications, this ideal situation does not exist for the following three problems:
(1) In order to suppress the high-frequency disturbance, the cut-off frequency of the low-pass filter is required to be as high as possible; but at the same time, the cutoff frequency should be as low as possible to suppress the high-frequency detection noise of the sensor. This is the biggest contradiction of DOB in application process.
(2) There is no ideal low-pass filter. The transition zone between passband and stopband is inevitable in practical filters. And the effect of filtering is terrible in transition zone, because in this zone the low frequency gain is not 1; and the high-frequency gain is not 0.
(3) Although a precise modeling method was used in this study, it does not guarantee that nominal model (s) is exactly equal to the actual model (s). This model error would result in undercompensation or overcompensation of disturbance.
In summary, although DOB has many advantages including simple principle and suitable for most situations, several problems come with it in practical engineering application restrict its performance of anti-disturbance.
Design of Adaptive Robust Controller
Using conventional DOB control strategies to suppress the effects of external disturbances (mainly vibration) in FSM control system was introduced in Section 3. As mentioned there, due to problems exist in DOB, the external disturbances were not restrained well (the experimental results of DOB are shown in Section 5). ARC, a more effective antidisturbance control algorithm, is introduced in this section. The control block diagram is shown in Figure 7 .
The relationship between input and output can be obtained as:
where is the inertia, is the velocity damping coefficient, and C is the elastic damping coefficient. The objective is to synthesize a control input such that the resulting system from to behaves like its nominal model; i.e., we want
where , and are the nominal values of , and . For simplicity, in this section, we assume that the variations of , and are not so big that their effects can be neglected; i.e., = = , and = in the following. Define a switching-function-like quantity p as p =
where = / from (12) and (14), 
where > 0 and ∧ is the estimate of total external disturbance. Let and be the upper and lower boundaries of the disturbance, respectively.
Substituting (13) into (12), the error is
is the estimation error. If • is treated as input and is treated as output, (15) can be considered as a first-order system. It can be known by the first-order systematic characteristic that | (∞)| ≤ • (∞)/K. Therefore as long as the value of increases, the value of decreases. It is also the most common strategy in robust control to improve the robustness of the control system by using a simplified specific control structure and increasing the feedback coefficient. However, in practical control system, the value of cannot be increased indefinitely because of system's chattering and mechanical resonance. When increases to the upper limit, the value of the will depend on the value of • . Therefore, in order to further improve the performance of the system, adaptive control method was introduced to decrease the value of the estimated error
The expression of adaptive law is
where Γ > 0 is the adaptive coefficient. It can be shown that the above type of adaptation law guarantees that
All in all, if the external disturbance is a fixed value, then the value of ∧ could infinitely approach the value of and finally eliminate the estimation error • under the control of ARC through adaptive algorithm regardless of the value of . If the external disturbance is variable, then the adaptive coefficient Γ needs to be increased to match the variety rate of . But the value of Γ related to cannot increase without limitation. Therefore, this adaptive law can deal with low-frequency disturbances well. For high-frequency disturbances, its performance is limited by the upper limit of Γ.
Comparative Experiments and Discussion
Comparative Experiments.
The vibration platform was used to simulate the external disturbances (because the main disturbance is the vibration), then the PID, PID + DOB, and PID + ARC control algorithms were tested, respectively. Experimental equipments are shown in Figure 8 . Random vibration containing many kinds of frequencies was adopted to simulate actual vibration, among which the amplitude of low frequency is relatively large and the amplitude of high frequency is relatively small. Its average value is 5G, and only 1.8G was delivered to FSM over the Fix Platform.
First of all, the stability of these three control methods was tested without vibration, as shown in Figure 9 . Then, the antidisturbance ability of these three control methods was tested under the vibration condition. The time-domain curves are shown in Figure 10 and the frequency response curves are shown in Figure 11 .
Discussion.
The error curves of FSM under the control of these three kinds of control methods are shown in Figure 9 . The maximum, average, and root-mean-square values of these three error curves are tabulated in Table 2 . It can be seen from Figure 9 and Table 2 that the stability of PI and PI + ARC control method was better at static state, and the RMS of error were 1.6938 and 2.8877, respectively. However, the stability of PID + DOB control method was relatively poor, and the RMS of error was 33.4699. The high frequency noise mentioned in Section 2 was the main reason for this result. The amplified high frequency noise eventually resulted in a larger position error of FSM.
The time-domain error curves of these three control methods under the vibration condition are shown in Figure 10 . Their maximum, average, and root-mean-square values are shown in Table 3 , and these frequency-domain error curves are shown in Figure 11 . A discussion about the ability of the three control methods is given next.
(1) PID: The maximum error of the system output was 290.0618 and the RMS was 82.4228 under the control of the traditional PID controller. The spectral components of error were mainly focused within 100Hz, and it had the maximum error at 20Hz.
(2) DOB: The anti-disturbance ability of the system had been improved, and the maximum error decreased 1.78 times to 163.1598; the RMS decreased 1.9 times to 43.2125 after adding DOB controller into the control system. Although the low-frequency components were suppressed, some residuals still exist. The highfrequency components became obvious due to the noise amplification. The peak frequency of magnitude was about 200 Hz at which magnitude was magnified 5.2 times.
(3) ARC: The anti-disturbance ability of the FSM had been significantly improved, and the maximum error decreased 4.86 times to 59.6489; RMS decreased 4.83 times to 17.0788, after adding the ARC controller into control system. The low-frequency components were significantly suppressed, the peak value decreased 8.1 times, and the high-frequency components had not been amplified.
In summary, it had little influence on the control accuracy to add ARC controller into control system when it is in static state. But the control precision of the system was affected by the amplification of high-frequency noise after adding the DOB controller. Although both control methods can improve the anti-disturbance ability of the control system when FSM is in a vibration environment, the experimental results show that ARC's performance of anti-disturbance was better than DOB's and it would not amplify the high-frequency noise.
Conclusions
The control accuracy of FSM was highly sensitive to disturbance especially vibrations in aviation environment. DOB, the traditional anti-disturbance method, was analyzed, and the results show that it would amplify the high-frequency noise. In this paper, ARC preserving the advantage of deterministic robust control and adaptive control while removing their drawbacks was proposed to improve the anti-disturbance ability of FSM. And two sets of control experiments were made to compare the performances of these three control methods. Experimental results show that the control accuracy of DOB was the worst in static state; 
